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In-situ synthesis of a novel zinc sulfide/porous carbon composite 

(ZnS/PC) with ZnS nanoparticles finely embedded in porous 

carbon matrices is achieved by virtue of the metal-organic 

frameworks (MOFs) strategy. The as-obtained ZnS/PC exhibits 

significant electrochemical performance as an anode material 

for lithium ion batteries. 

Lithium ion batteries (LIBs) have been one of the most 

promising energy conversion and storage devices due to their 

environmental friendliness, high energy density, wide working 

temperature and high voltage.1-3 However, the achievement of LIBs 

with remarkable electrochemical performances to meet the 

increasing requirement, is well known to be limited by the lack of 

suitable electrochemically active materials. Consequently, a variety 

of electrode materials such as carbon, metal, and metallic compound 

have been actively studied as potential application for Li+ storage.4-14 

In particular, Zn-based materials have been researched as one of the 

alternative anode materials due to their natural abundance, cost-

effective, as well as environmental friendliness and high theoretical 

capacities. Among Zn-based binary compounds, ZnO,15 ZnSe,16 

Zn4Sb3,
17 ZnSb,18 ZnP2,

19 have been evaluated and show promising 

electrochemical performance. As an important Zn-based compound, 

zinc sulfide also has been investigated in LIBs application.13, 16, 20 

However, the practical Li+ storage capabilities of ZnS is 

accompanied by the inherent unsatisfied electrical conductivity and 

large volume change upon Li+ insertion-extraction process, resulting 

in the pulverization of ZnS-based electrodes and the limited cycle 

performances.12, 21 Consequently, rational design of ZnS-based 

anode materials with facile synthesis to address these problems is 

urgent and some attempt has been done. For example, ZnS/C 

composites were prepared by a combined precipitation with carbon 

coating method and exhibited superior performance with 304 mA h 

g-1 after 300 cycles at 400 mA g-1.13 Mao et al. synthesized 

ZnS/graphene composites using solvothermal process, which 

effectively improved the properties of ZnS and demonstrated 

excellent cycle ability.22 Among various strategies, for purpose of 

enhancing the performance of energy storage, constructing hybrid 

materials of ZnS with conductive carbonaceous support and 

fabricating embedded nanoparticles within a conductive matrix to 

accommodate volume change, keep the integrity of the electrode 

structure and improve conductivity still need more efforts. 

Currently, metal-organic frameworks (MOFs) have attracted 

particular attention in gas storage, separations, catalysis and energy 

storage as novel nanoporous materials.23, 24 Inspired by properties of 

controllable structures, huge surface area, tunable pore size and high 

porosity, MOFs have also been considered as an alternative 

precursor to construct metal-based nanoarchitecture materials.25-28 

For instance, Co3O4 nanoparticles have been prepared by pyrolysed 

cobalt-MOF at 800 °C and provide a stable Li+ storage capacity of 

965 mA h g-1 after 50 cycles at 50 mA g-1.26 A heat treatment of a 

well-known metal organic framework of MOF-5 yields 

ZnO@carbon, which can contain a stable capacity of 335 mA h g-1 

up to the 50th cycle at 100 mA g-1.27 More recently, Wang et al28 

prepared CoS2/carbon composite with ultrasmall CoS2 nanoparticles 

finely embedded in thin N-rich porous carbon by using ZIF-67 

templates, showing promising Li+ storage properties with negligible 

loss of capacity at high charge/discharge rate. 

In this work, we extended the application of the MOFs strategy 

to facile synthesize zinc sulfide/porous carbon composite (ZnS/PC) 

with ZnS nanoparticles embedded in porous carbon matrices. MOF-

5 was chosen as the MOF precursor because it is amenable to mass 

production, it has excellent purity and high crystallinity.29 The 

obtained composites possess large surface area and porous structure, 

excellent conductive carbon matrix, and the robust integration 

between ZnS nanoparticles and carbon frameworks. Such a hybrid 

structure can offer enough space to buffer the volume expansion of 

ZnS nanoparticles during Li+ intercalation and deintercalation 

process, provide remarkable conductive network, shorter lengths of 

electronic path, and more contact pathways between electrolyte and 

ZnS particles within carbon matrix. When evaluated as an 

electrochemically active material for LIBs, the as-obtained ZnS/PC 
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exhibited significant electrochemical performance with a reversible 

capacity of 438 mA h g-1 in 300 cycles at 100 mA g-1. 

The morphologies and microstructures of the as-prepared 

ZnS/PC have been investigated with FESEM and TEM as shown in 

Fig 1. The result reveals that ZnS/PC retains the cubic structure in 

which ZnS nanoparticles with less than 120 nm were embedded after 

hydrothermal sulfidation (Fig. S1). The high-resolution TEM image 

in Fig. 1c shows an interlayer distance of 0.32nm, which agrees well 

with the space (111) planes of ZnS crystals. Furthermore, the 

embedded structure is further proven by the distribution of C, S, and 

Zn elements from energy dispersive spectrometer (EDS) mapping 

(Fig. 1d). 

 

 

Fig. 1 (a) FESEM image; (b) TEM image; (c) HRTEM image and (d) elemental 

mapping images of ZnS/PC.

 

Fig. 2a presents the XRD patterns of ZnS/PC and pure ZnS, 

where all of the diffraction peaks of pure ZnS can be indexed to a 

cubic ZnS phase (JCPDS No. 65-9585). Compared with pure ZnS, 

the ZnS/PC has an extra weak peak at 27°, which belongs to 

hexagonal ZnS phase (JCPDS No. 36-1450). Additionally, there was 

no other impurity peaks are observed from the XRD patterns, 

indicating a complete conversion of ZnO to ZnS. The energy-

dispersive X-ray (EDX) spectroscopy as shown in Fig. 2b reveals 

that the atomic ratio of Zn/S approaches to 1:1, which corresponds to 

the stoichiometric ratio of the compound of ZnS. In order to confirm 

the mass percentage of ZnS in the composites, TGA was employed 

at a heating rate of 10 °C min-1 in dry air. The TGA profiles of 

ZnS/PC, pure ZnS and carbonized MOF-5 is shown in Fig. 3a. The 

mass loss below 300 °C could be ascribed to the evaporation of 

absorbed water. Comparing the TGA profiles of ZnS/PC and pure 

ZnS, it can be concluded that the weight loss from 300 to 520 °C on 

the TGA profile of ZnS/PC was attributed to the combustion of 

carbon,30 which had no relation with the oxidation of ZnS, the other 

obvious weight loss, which arises between 520 and 640 °C, 

corresponds to oxidation of ZnS to ZnO.22 Therefore, the carbon 

content was calculated as (98 % - 77.5 %) / 98 % = 20 %. From the 

TGA profile of carbonized MOF-5, it also can calculate the carbon 

content in ZnS/PC is 20% (The detailed analysis is listed in 

Supporting information) To investigate the porous structure of the 

ZnS/PC, N2 adsorption-desorption analysis was performed at 77 K 

and shown that ZnS/PC possessed a large surface area of 296.8 m2 g-

1 (Fig. 3b), which could provide a large interface to enhance the 

contact between electrolyte and active material, and facilitate the 

electrochemical reaction.6 The pore volume of 0.318 cm3 g-1 and the 

pores of most size less than 10 nm, as derived by using the Barrett-

Joyner-Halenda (BJH) method, are also beneficial for buffering the 

volume change during Li+ intercalation and deintercalation process. 

 

 
Fig. 2 (a) XRD patterns of ZnS/PC and pure ZnS, (b) EDX spectroscopy of ZnS/PC. 

 
Fig. 3 (a) TGA curves of ZnS/PC, pure ZnS and carbonized MOF-5, (b) N2 sorption isotherms measured at 77 K of ZnS/PC. The inset in (b) shows the pore-size 

distribution calculated using the BJH method. 
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The electrochemical performances of lithium ion storage based 

on the as-prepared materials were first evaluated by cyclic 

voltammograms (CV) and galvanostatic charge-discharge curves. 

Fig. 4a displays the first three cyclic voltammograms of ZnS/PC at a 

scanning rate of 0.02 mV/s. In the first scanning cycle, several weak 

reduction peaks, which appear below 0.8 V, are related with the 

reduction of ZnS to metallic zinc and the further formation of Zn-Li 

alloys with multiple steps (such as LiZn4, Li2Zn5, LiZn2, αLi2Zn3 and 

LiZn).20 The basic reactions during positive scan are elucidated by 

the equation (1) and (2).13, 20, 22 Solid electrolyte interface (SEI) layer 

might also form on the surface of electrode owning to the reductive 

decomposition of electrolyte during the first scanning process, which 

caused part of the irreversible capacity.2, 13 During the cathode scan, 

three small oxidation peak observed in the potential range of 0.01-

0.7 V correspond to the dealloying process of Li-Zn alloys, which is 

also a multi-step process. The next oxidation peak at 1.3V is 

attributed to the reconstruction of ZnS from Zn and Li2S. Fig. 4b 

reveals the typical galvanostatic discharge-charge (GDC) curves of 

the ZnS/PC over the potential range between 0.01 V and 2.5 V at a 

constant current density of 100 mA g-1. It is observed that the 

plateaus of GDC curves correspond to the CV peaks in Fig. 4a. Upon 

the initial discharge, the ZnS/PC display a discharge capacity of 

1220 mA h g-1, which is close to the previous reports.13, 22 The large 

initial capacity may attribute to the well utilization of active material 

and the irreversible formation of the SEI film on the surface of the 

composite. Owning to the high specific surface, an excessive 

interface between the active material and electrolyte may lead to 

more considerable side reactions related with SEI, which provides 

more irreversible capacity. From the 2nd cycle onwards, the 

composite delivers discharge capacities of 680, 580, 470, 480 mA h 

g-1 in the 2nd, 3rd, 20th and 50th cycle respectively. 

ZnS + Li
+
+ 2 e

-
→ Zn + Li2S              (1) 

Zn + x Li
+
 + x e- → LixZn																					(2) 

 

 

Fig.4 (a) cyclic voltammograms of the ZnS/PC, (b) charge-discharge curves of the ZnS/PC, (c) cycling property of the ZnS/PC and pure ZnS at 100 mA g
-1

 and (d) the 

capability of the ZnS/PC at various current densities. 

To further evaluate the electrochemical properties of the 

ZnS/PC and verify the superiority of carbon framework, the cycle 

behaviors of ZnS/PC and pure ZnS at 100 mA g-1 were tested as 

shown in Fig. 4c. Note that all the capacity values of ZnS/PC were 

calculated based on the total mass of the composite. After 300 

cycles, the composite maintains a reversible capacity of 438 mA h g-

1 with a stable Coulombic efficiency nearly 100 %, indicating the 

good reversibility of the Li+ intercalation and deintercalation 

processes, while the pure ZnS only delivers 220 mA h g-1 after 80 

cycles. The significant improved electrochemical performance of 

ZnS/PC should be attributed to rational nanostructure of the 

composite. In virtue of sufficient space, ZnS nanoparticles embedded 

in porous carbon matrices can better adapt the volume change arising 

from the charge-discharge processes, thus avoiding the pulverization 

problem efficiently, which can keep the structural integrity. 

Meanwhile, the large surface area and porous structure of the 

ZnS/PC not only provide shorter path lengths for lithium ion and 

electronic but also offer more electrolyte pathways to the inside ZnS 

nanoparticles through the carbon matrix. The capability of the 

ZnS/PC at various current densities was evaluated and shown in Fig. 

4d. Upon gradually elevating the current density, a capacity 180 mA 

h g-1 is retained at 1000 mA g-1 (Fig. 4d). When the current density 

decreases to 100 mA g-1 after cycling with high current densities, the 

discharge capacity can recover to the original value immediately, 

indicating that the as-synthesized ZnS/PC possesses well structure 

stability even under high rate cycling. 

In summary, a MOF-derived synthesis strategy to prepare 

ZnS/PC with ZnS nanoparticles embedded in porous carbon matrices 

has been developed. The obtained composite possess large surface 

area and porous structure, excellent conductive carbon matrix, and 

robust integration of ZnS nanoparticles and carbon frameworks. The 

rational design of such composite structure can be expected to 
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develop advanced electrode materials. When evaluated as an anode 

material for LIBs, the as-obtained ZnS/PC exhibited excellent 

electrochemical performance with a reversible capacity of 438 mA h 

g-1 in 300 cycles at 100 mA g-1. The results demonstrate the 

advantage of the MOF-derived ZnS/PC structures, and further 

provide help for developing electrode materials with high 

performance applications in lithium ion batteries. 
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